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Abstract. The theoretical and experimental status of the isovector axial- vector current form factors Ga(q 2 ) 
and Gp(q 2 ) of the nucleon is reviewed. We also describe a new calculation of these form factors in manifestly 
Lorentz-invariant chiral perturbation theory (ChPT) with the inclusion of axial-vector mesons as explicit 
degrees of freedom. 

PACS. 11.40.-q Currents and their properties - 12.39.Fe Chiral Lagrangians 



1 Introduction 

The structure of the nucleon is encoded in several form 
factors. For example, the electromagnetic Dirac and Pauli 
form factors F\(q 2 ) and F2(q 2 ), or equivalently the elec- 
tric and magnetic Sachs form factors Ge{<1 2 ) and Ga/(<z 2 ), 
parameterize the matrix elements of the electromagnetic 
current operator and are well-known over a wide region of 
momentum transfer squared q 2 . For recent reviews on the 
experimental status of the electromagnetic form factors 
see, e. g., PUBS]- In contrast to the electromagnetic case, 
the three form factors of the isovector axial-vector cur- 
rent, Ga(q 2 ), Gp(q 2 ), and Gr{q 2 ), are not as well-known. 
They encode the structure of the matrix elements of the 
isovector axial- vector current A fl ' a (x) which, in the SU(2) 
case, is given by 



A»' a (x) 



q{x)^~i 5 —q{x), 



(I : 



a = 1,2, 3. (1) 



A fl,a (x) is a Hermitian operator that transforms as an 
isovector under isospin transformations and as an axial 
vector under Lorentz transformations. The corresponding 
matrix element between initial and final nucleon states is 
parameterized as 

(N(p')\A^ a (0)\N(p)) 



= u(p') 
+i 



7^75 GU(<z 2 ) + -^75 G P (q 2 ) 



.cr^q h 



2m n 



J 5 G T (q 2 ) 



2mjv 
T a 

y«0) » 



(2) 



where q — p' —p and mjv denotes the nucleon mass. Ga(^) 
is called the axial form factor, Gpit) is the induced pseu- 
doscalar form factor, and Gr(t) denotes the induced pseu- 
dotensorial form factor. For the isospin-symmetric case of 



equal up and down quark masses, rn u = nid, the strong 
interactions are invariant under Q conjugation, which is a 
combination of charge conjugation C and a rotation by 7r 
about the 2 axis in isospin space (charge symmetry oper- 
ation) , 

G =Cexp(z7r/ 2 ). (3) 

As a consequence the pseudotensorial form factor Gr(q 2 ) 
vanishes in the limit of perfect isospin symmetry. So far 
only upper limits have been established on the size of Gt 
0]. We will neglect Gt in the following discussion. From 
the Hcrmiticity of the current operator one infers that 
Ga and Gp are real functions for space-like momentum 
transfer squared (q 2 < 0). 

In the Breit system, where p = —\l= P ' and go = 
0, the zeroth component of the matrix element of Eq. 
vanishes, 

(N( i )\A°' a (0)\N(- i ))=0 7 (4) 
while the spatial components can be written as 1 

(N( i )\A a (0)\N(- i )) = 

[2E<T ± G A (-q 2 ) + 2m N <T ll D(-q 2 )] ^, 



where E — \J m 2 N + g 2 /4, <T|| = rr • qq, cr±_ = cr — <T|| , and 

„2 



D(q 2 ) = G A (q 2 ) + 



Am 2 N 



G P (q 2 ). 



We have thus separated the spatial components of the 
matrix element into its transverse and longitudinal parts. 
As we will see below, the longitudinal part vanishes in the 
chiral limit. 

For recent reviews on the form factors of the isovector 
axial- vector current see 

1 We adopt the normalization uu = 2mjv. 
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2 Axial form factor GU(<? 2 ) 

G A (q 2 ) is the best known of the isovector axial- vector cur- 
rent form factors. Its value at zero momentum transfer 
squared is defined as the axial-vector coupling constant 
9 A, 

G A (0)=g A , (5) 
which has been determined from neutron beta decay to be 


G A (q 2 ~0)=g A = 1-2695 ± 0.0029. (6) 

There are two distinct experimental ways of determin- 
ing the q 2 dependence of G A . The first is (quasi)elastic 
(anti)neutrino scattering (referred to as simply neutrino 
scattering in the following). For the analysis of experimen- 
tal data, G A {q 2 ) is conventionally parameterized using a 
dipole form as 



G A (q 2 ) = 



9A 



(1 



'-/- 

M'i 



r 2 



(7) 



where M A is the so-called axial mass. The global aver- 
age for the axial mass extracted from neutrino scattering 
experiments given in [5] is 

M A = (1.026 ± 0.021) GeV, (8) 

whereas a recent analysis |Hj finds a slightly smaller value 



M A = (1.001 ±0.020) GeV. 



(9) 



The second method makes use of the so-called Adler- 
Gilman relation [5] which provides a chiral Ward iden- 
tity establishing a connection between charged pion elec- 
troproduction at threshold and the isovector axial-vector 
current evaluated between single- nucleon states (see, e. g., 
[101111) for more details). At threshold (the spatial com- 
ponents of) the center-of-mass transition current for pion 
electroproduction can be written in terms of two s-wave 
amplitudes Eq + and Lq+ 



eM 



thr 



[icr±E Q+ (k 2 ) + icr\\L 0+ {k 2 



where W is the total center-of-mass energy, k 2 is the four 
momentum transfer squared of the virtual photon, and 
<T|| = a ■ kk and cr±_ = <j — <j\\. The reaction p(e, e'-K + )n 
has been measured at MAMI at an invariant mass of W = 
1125 MeV (corresponding to a pion center-of-mass mo- 
mentum of \q*\ = 112 MeV) and photon four-momentum 
transfers of -k 2 = 0.117, 0.195 and 0.273 GeV 2 [T2]. Using 
an effective-Lagrangian model an axial mass of 

M A = (1.077 ± 0.039) GeV 

was extracted, where the bar is used to distinguish the re- 
sult from the neutrino scattering value. In the meantime, 
the experiment has been repeated including an additional 
value of — k 2 = 0.058 GeV 2 flSI and is currently being 
analyzed. The global average from several pion electro- 
production experiments is given by |S] 



M A = (1.068 ±0.017) GeV. 



(10) 



Fig. 1. Pion pole contribution to Gp {q 2 



It can be seen that the values of Eqs. JHJ and for the 
neutrino scattering experiments are smaller than Eq. (|10|l 
for the pion electroproduction experiments. The discrep- 
ancy was explained in heavy baryon chiral perturbation 
theory |14| . It was shown that at order 0(q 3 ) pion loop 
contributions modify the k 2 dependence of the electric 
dipole amplitude Eq + from which M A is extracted. These 
contributions result in a change of 



AM A = 0.056 GeV, 



(11) 



bringing the neutrino scattering and pion electroproduc- 
tion results for the axial mass into agreement. 



3 Induced pseudoscalar form factor Gp(q 2 ) 

The induced pseudoscalar form factor Gp(q 2 ) is less known 
than the axial form factor G A (q 2 ). A complete overview 
over the theoretical and experimental situation can be 
found in UJ. 

The axial- vector current is divergence- free in the chiral 
limit, d^A^ ,a = 0. In combination with the Dirac equation 
one obtains from Eq. J2J in the chiral limit that the equa- 
tion 

4 m N G A {q 2 ) + q 2 Gp {q 2 ) = (12) 

must hold, where denotes quantities in the chiral limit 
(see, e. g., for a detailed discussion). Equation (jT^ has 

o 

two possible solutions. The first solution is that mpf= 

o 

and Gp {q ) = 0. However, the nucleon mass in the chiral 

o 

limit does not vanish. The second solution is that G A {q ) 

o 

and Gp {q ) are related via 



Gp (q 2 



4m N G A (q 2 



(13) 



has 



Since G A (0) = g A ~ 1.27, it follows that Gp (q 2 ) 

o 

a pole for q 2 — > 0. The behavior of Gp (q 2 ) for q 2 — > 
is interpreted as stemming from a pion pole contribution 
(see Fig. . The most general expression for the diagram 
of Fig. H in the chiral limit is given by 



4m N F(q 2 ) 9 nN jq 2 ) 
q 2 - i (q 2 ) 



u(p') 



7^ T° 

"75 



2 m N 



u(p), (14) 
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where F(q 2 ) denotes the coupling of the axial source to 

o 

the pion, g^N (<Z 2 ) is the pion nucleon coupling in the 

o 

chiral limit and S (q 2 ) stands for the pion self energy 

o o 

with £ (0) =£' (0) = 0. Comparing with Eq. © one 
finds the pion pole diagram contribution 



_ 4 m N F{q 2 ) g vN jq 2 ) 
q 2 - £' (q 2 ) 

o 

to Gp (q 2 )- The limit q 2 — > is given by 



lim q 2 Gp,«- P oie (q 2 ) = -4% F g n N 

q 2 —>-0 



(15) 



(16) 



which by comparison with Eq. I|12|) leads to the famous 
Goldberger-Treiman relation |16U17| 



g_A 
F 



9ttN 



(17) 



While the Goldberger-Treiman relation contains quanti- 
ties in the chiral limit, it is interesting to note that it is 
satisfied to about 2% in the real world. 

Information on Gp(q 2 ) is mainly extracted from muon 
capture experiments. The induced pseudoscalar coupling 
gp is defined as 



gp = 



2m n 



G P (q 2 = -0.88m 2 ). 



(18) 



It is mostly this quantity that has been determined by ex- 
periments, although one pion production experiment mea- 
sured the q 2 dependence of Gp(q 2 ) ^H]. The weighted 
world average from ordinary muon capture (OMC), 



P 



(19) 



is 

g P = 8.79 ± 1.92 . (20) 

Most OMC experiments have used a liquid hydrogen tar- 
get, which results in uncertainties due to the formation 
of pfip molecules. For an exact determination of gp the 
ortho-para transition rate has to be known. The current 
MuCap experiment at PSI ^HI is using a hydrogen gas 
target and thereby avoiding these complications. 

The pseudoscalar coupling gp can also be determined 
from radiative muon capture (RMC), 

M~ + V — > Vfj, + n + 7. (21) 

The value of gp extracted from these experiments is [6] 

g P = 12.3 ±0.9 (22) 

and does not agree with the OMC result. However, a re- 
cent measurement at TRIUMF gD] found a new value for 
the ortho-para transition rate in the pfip molecule of 



which is significantly larger than the previous result |21| 
of 

A°™ = (4.1 ± 1.4) x 10 4 s _1 . (24) 

With the new value the RMC experiment gives [23] 

g P = 10.6 ± 1.1, (25) 

while the average of the liquid hydrogen results is modified 
to be 

F = 5.6±4.1. (26) 

Theoretically, Gp(q 2 ) has been determined using heavy 
baryon chiral perturbation theory |22II23| . which at order 
0(q 3 ) gives 

g P = 8.23. (27) 



4 G A (q 2 ) and G P (q 2 
ChPT 



in Lorentz-invariant 



With the introduction of renormalization schemes such as 
infrared regularization or the extended-on-mass-shell 
scheme (25J the calculation of the isovector axial-vector 
current form factors in a manifestly Lorentz-invariant for- 
mulation of baryon chiral perturbation theory has been 
made possible |2*rj] . 

The results of such a calculation up to and includ- 
ing order 0(q 4 ) for Ga{<1 2 ) and Gp(q 2 ) |2Z] are shown in 
Fig. [21 and Fig. [3 respectively. The analytic expression for 
Ga{<1 2 ) reads 

G A {q 2 ) = 9A + \gA(r 2 ) A q 2 + ^H(q 2 ) 7 (28) 

where {t 2 )a is the mean square axial radius and H{q 2 ) 
contains contributions from loop diagrams with -ff(O) = 
-ff'(O) = 0. One can see that the contributions from H(q 2 ) 
are small and the data is only described for very low val- 
ues of momentum transfer. The calculation at order 0{q A ) 
gives 

g P = 8.09 (29) 
and one can clearly see the pion pole contribution in Fig-EI 

The situation for the axial form factor GA(q 2 ) can be 
compared to the electromagnetic form factors, which in 
ChPT at order 0{q A ) only describe the data for very low 
momentum transfers as well. In |28j a reformulation of in- 
frared renormalization was used to include vector mesons 
as explicit degrees of freedom. This resulted in a better de- 
scription of the data up to about — q 2 « 0.4 GeV 2 . Similar 
to the case of the electromagnetic form factors one can 
include axial-vector mesons in the formalism of baryon 
ChPT 1221 . The Lagrangian for the coupling of the axial- 
vector meson to pions reads j^Hl 



4 3 ] = /^Tr[^FH, 
while the coupling to the nucleon is given by 



(30) 



A new 
op 



(11.1 ± l.7±° i) x 10 4 s~\ 



(23) 



,(0) _ 

-AN ~ 



Gan&A^-i^V. 



(31) 
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5 Summary 




A short overview over the experimental and theoretical sit- 
uation of the nucleon form factors of the isovector axial- 
vector current was given. The axial form factor G A {q 2 ) 
has been determined by two types of experiments, neu- 
trino scattering and pion electroproduction. The results 
from these two methods agree once pion loop corrections 
to the electroproduction amplitude have been taken into 
account. The situation for the induced pseudoscalar form 
factor Gp(q 2 ) is less clear. The results obtained for the 
induced pseudoscalar coupling gp from ordinary and ra- 
diative muon capture do not agree. However, a recent mea- 
surement of the ortho-para transition rate in p/ip molecules 
results in a significant change of the previous results for 
gp. A reformulation of the infrared renormalization in 
baryon ChPT allows for the inclusion of axial- vector mesons 
in the calculation of the form factors, which could result 
in a better description of the experimental data. Only one 
new low-energy constant effectively appears, which can be 
fitted to the data. 

This work was supported by the Deutsche Forschungsgemein- 



schaft (SFB 443). 



Fig. 2. Ga{(1 2 ) in chiral perturbation theory at 0(q 4 ) (solid 
line). The dashed line is a dipole fit. The data compilation is 
taken from 5 . 
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Fig. 3. Gp(q 2 ) in chiral perturbation theory at 0(q 4 ). 



The contributions of the diagrams containing the axial 
vector meson are 

Gi VM (q 2 ) = -8f A G AN q \ (32) 

1 ~ 1V1 a 1 

to the axial form factor and 

Gi VM (q 2 ) = 32m 2 N f A G A N 2 * (33) 

t - M i, 

to the induced pseudoscalar form factor, respectively. One 
sees that effectively only one new coupling constant, namely 
f A G A N, appears. This coupling constant can be fitted to 
the data |27). 
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